Background/Aim
Methodology/Principal Findings
In this study, we first confirmed that HBV infection significantly induced oxidative stress. Moreover, viral protein HBx plays a major role in the oxidative stress induced by HBV. Importantly, we found that mitochondrial protein SIRT3 overexpression could decrease reactive oxygen species (ROS) induced by HBx while SIRT3 knockdown increased HBxinduced ROS. Importantly, SIRT3 overexpression abolished oxidative damage of HBxexpressing cells as evidenced by γH 2 AX and AP sites measurements. In contrast, SIRT3 knockdown promoted HBx-induced oxidative damage. In addition, we also observed that oxidant H 2 O 2 markedly promoted HBV replication while the antioxidant N-acetyl-L-cysteine (NAC) inhibited HBV replication. Significantly, SIRT3 overexpression inhibited HBV replication by reducing cellular ROS level.
Conclusions/Significance
Collectively, these data suggest HBx expression induces oxidative stress, which promotes cellular oxidative damage and viral replication during HBV pathogenesis. Mitochondrial protein SIRT3 protected HBx expressing-cells from oxidative damage and inhibited HBV replication possibly by decreased cellular ROS level. These studies shed new light on the
Introduction
Human HBV infection is a public health problem which affects nearly 350 million people worldwide [1] . Many studies have shown that HBV infection could induce oxidative stress by using HBV-expressing cell model and HBV transgenic mouse model. Patients with HBV infection also show increased oxidative stress and oxidative damage. Excess reactive oxygen species (ROS) produced from oxidative stress could damage cellular molecules like lipids, protein and DNA during chronic HBV infection and finally leads to development of liver disease. Therefore, identification and characterization of the host factors which could protect hepatocyte from oxidative damage will provide valuable information for the development of anti-HBV therapeutics.
Sirtuins are generally known as a conserved family of class III nicotinamide adenine dinucleotide (NAD) dependent histone deacetylases (HDACs). Seven members of the sirtuin family have been identified in mammals (SIRT1-7). Among SIRT1-7, SIRT3 is a major mitochondrial deacetylase that targets no less than 20% of the proteome located in mitochondrial [2] . Intriguingly, it deacetylates and activates several mitochondrial proteins that involved in mitochondrial oxidative metabolism and energy production, such as subunits of complex II and V of the electron transport chain [3] [4] [5] [6] . Recently, SIRT3 has been also identified as a stress responsive deacetylase and plays an important role in protecting cells under stress conditions. SIRT3 could attenuate the effect of oxidative stress on several different cell lines [2, [7] [8] [9] . In addition, the SIRT3-catalyzed deacetylation of 8-oxoguanine-DNA glycosylase 1 (OGG1) protects mitochondrial DNA from oxidative damage and prevents apoptotic cell death under oxidative stress [10] . These studies highlight the significance of SIRT3 to protect cells from oxidative damage.
In this study, we focused on the role of SIRT3 in HBV-induced oxidative stress. We found that SIRT3 protected HBx expressing-cells from oxidative damage and inhibited HBV replication possibly by decreasing cellular ROS level. These studies shed new light on the physiological significance of SIRT3 on HBx-induced oxidative stress which can contribute to the liver pathogenesis.
Materials and Methods

Plasmids and antibodies
pCH9/3091 was obtained from Lin Lan (The Third Military Medical University, Chongqing, China). pCH9 was constructed by digesting the HBV genome in the pCH9/3091 and ligating with T4 DNA ligase (Takara, Kusatsu, Shiga, Japan). The MUT HBV plasmid was constructed by site-directed mutagenesis of pCH9/3091 (as the wild-type HBV, WT HBV) via introduction of a stop codon at the beginning of the HBx gene. Site-directed mutagenesis was carried out by PCR amplification of the WT HBV. The primer carried a C-to-T mutation at nt 1397. This mutation results in a stop codon mutation in the HBx gene (codon 8) without affecting the polymerase gene product. pcDNA3.1-Flag-SIRT3 was obtained from ADDGENE (Cambridge, MA, USA). SiRNA targeted SIRT3 was obtained from Invitrogen (Carslbad, CA, USA). Rabbit anti-SIRT3 monoclonal antibody, anti-γ-H 2 AX monoclonal antibody and anti-PRDX1 monoclonal antibody were obtained from Cell Signaling Technology (CST, Danvers, MA, USA). Rabbit anti-Flag monoclonal antibody was obtained from Sigma (St Louis, MO, USA). Rabbit anti-β-actin monoclonal antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Tetracycline, tert-butyl hydroperoxide (tBOOH) and H 2 O 2 were obtained from Sigma. NAC (S0077) was obtained from Beyotime (Haimen, Jiangsu, China).
Cell culture and transfection
Huh-7 cells were maintained in Dulbecco's modified Eagle medium (DMEM, gibco by Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum. HepG2 cells were maintained in modified Eagle medium (MEM, CORNING, Manassas, VA, USA) containing 10% fetal bovine serum. HepG2.2.15 and HepAD38 (a HepG2 cell line that produces HBV when it is grown in the absence of tetracycline) were maintained in MEM containing 10% fetal bovine serum and 400 μg/ml G418. In addition, HepAD38 cells were grown in the presence of 0.3 μg/ ml tetracycline. All cells were maintained in an incubator containing 5% CO 2 at 37°C. Transfection was carried out using X-treme GENE HP DNA Transfection Reagent (Roche, Basle, Switzerland).
Determination of cellular Reactive oxygen species (ROS)
Cells were plated on a 6-well plate. ROS generation was measured using Image iT LIVE Green Reactive Oxygen Species Detection Kit (Invitrogen) according to the manufacturer's protocol. In detail, when cells are ready, gently wash cells once with warm PBS buffer. Then apply a sufficient amount of 25 mM carboxy-H 2 DCFDA working solution to cover the cells adhering to the plate. Incubate for 30 minutes at 37°C, protected from light. After that gently wash cells three times in warm PBS and add some more PBS buffer before imaging the cells immediately under fluorescence microscopy. In addition, Quantitative analysis of cellular ROS levels was carried out by flow cytometry. The fluorescence of 10,000 cells was collected for each of three independent experiments.
Determination of mitochondrial ROS
Cells were plated on a 6-well plate. Mitochondrial ROS was detected by MitoSOX TM Red (Molecular Probes) (Invitrogen) according to the manufacturer's protocol. In detail, cells were washed once with pre-warmed PBS. Then apply a 1 ml of the 5 μM MitoSOX™ reagent working solution to cover the cells adhering to coverslips. Incubate for 10 minutes at 37°C, protected from light. Then wash cells gently three times with warm PBS buffer and imaging the cells immediately under fluorescence microscopy. In addition, Quantitative analysis of mitochondrial ROS levels was carried out by flow cytometry. The fluorescence of 10,000 cells was collected for each of three independent experiments.
plates with DNA Binding Solution. The number of AP sites in the sample DNA was determined by the biotin-avidin-peroxidase assay.
Cell viability assay
Cell viability was measured by CellTiter 961 AQueous One Solution Cell Proliferation Assay (MTS, promega) according to the manufacturer's protocol. Cells transfected with indicated plasmids were seeded in 96-well plate. The cells under treatment with incremental doses of tBOOH were incubated for 72 h before the addition of MTS solution. Finally, the absorbance was read at 490 nm using a microplate reader (BIO-TEK, Winooski, VT, USA).
Apoptosis analysis
Apoptosis was determined by cell apoptosis kit (Invitrogen) according to the instruction manual. Briefly, 100 μl annexin-binding buffer was added to 1 × 10 5 cells, and the cells were incubated with 5 μl Alexa Fluor1 488 annexin V and 1 μl 100 μg/mL PI working solution for 15 minutes. After the incubation period, 400 μl annexin-binding buffer was added to the sample and mixed gently. As soon as possible, the stained cells were analyzed by flow cytometry.
Immunofluorescence
For immunofluorescence, cells were plated on glass coverslips. At 72 h post transfection, cells were fixed with 4% paraformaldehyde in PBS for 15 min, and permeabilized with 0.1% TritonX-100 in PBS for 10 min at room temperature. After blocking with 1% BSA in PBS for 45 min, the cells were incubated with the anti-γH 2 AX (Dilution1:100) overnight at 4°C. The cells were then washed sequentially in PBS and incubated with Alexa Fluor 555 anti-rabbit secondary antibody for 2 h at room temperature. Finally, the nuclei of the cells were stained with 4', 6-Diamidino-2-Phenylindole Dihydrochlorie (DAPI) for 10 min at room temperature. The stained cells were visualized on a TCS-SP5X microscope (Leica, Milton Keynes, UK)
Western blot analysis
Protein concentration was determined by using a BCA protein assay (Bio-Rad, Hercules, California, USA). Equivalent amounts of protein (30 μg per lane) were loaded and separated by SDS-PAGE, and transferred onto a nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK). The membranes were blocked with 5% nonfat milk for 1 h and incubated with the relevant primary antibodies overnight at 4°C on an orbital shaker. After that the membranes were washed and incubated with secondary antibody for 2 h at room temperature. Blots were developed by using ECL western blot reagents.
HBV replicative intermediates purification and analysis
HBV replicative intermediates were obtained as follows. To exclude possibility that the change of the HBV copies was due to different cell number, HBV replicative intermediates were extracted in the same number of cells. In detail, the same number of cells was disrupted in 500 μl lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1% NP-40, 2% sucrose) at 37°C for 15 min. After centrifugation, the supernatant was treated with 40 U of DNase I/ml and 10 mM MgCl 2 for 4 h for at 37°C to remove the extra-capsid nuclear acid, and then mixed with 200 μl of 35% polyethylene glycol 8000 containing 1.5 M NaCl on ice for 1 h. After centrifugation, the pellet contained viral nucleocapsids was incubated with digestion buffer containing 0.5 mg/ml proteinase K (Takara), 0.5% sodium dodecyl sulfate (SDS), 150 mM NaCl, 25 mM Tris-HCl (pH 8.0), and 10 mM EDTA. HBV replicative intermediates in the digestion mixture were isolated by phenol-chloroform for 20 s. The HBV DNA copy number was calculated according to the standard curve. For southern blot, HBV replicative intermediates were loaded onto 0.9% agarose gels, blotted onto nylon membranes, After UV cross-linking and prehybridization, the membrane was hybridized with digoxigenin-labeled HBV-specific probe generated with DIG-High Prime (Roche). The signal was detected by exposing on an X-ray film.
Statistical analysis
Results are expressed as means ± the SD. Differences between two groups were evaluated by two-tailed Student's t tests, differences between multiple groups were evaluated by one-way ANOVA. P value < 0.05 was considered statistically significant. All statistical analyses were conducted using the statistical program SPSS version 17.0.
Results
Hepatitis B virus replication induces oxidative stress
Many studies have shown that HBV could induce oxidative stress using HBV transgenic mice or HBV DNA-transfected cells [11, 12] . To observe whether cellular oxidative stress was directly induced by HBV replication in our cell model, HepG2 and Huh-7 cells were transfected with the pCH9/3091 plasmid containing the HBV genome or with vector pCH9. Cellular ROS level was determined by both immunofluorescence and Carboxy-2, 7-dichlorofluorescein diacetate (carboxy-H2DCFDA) staining methods. HBV-expressing cells exhibited a greater percentage of ROS-positive cells than their control cells (Fig 1A) . Flow cytometry assay confirmed that increased ROS level was observed in HBV-expressing cells (Fig 1B) . HBV replication level was verified by real-time PCR (Fig 1C) . In order to further confirm the oxidative stress caused by HBV replication, the ROS level was examined in HepAD38 cells (A HepG2 cell line stably expressing HBV under control of tetracycline). Consistently, increased ROS level in HepAD38 cells cultured without tetracycline (HBV replication) was observed compared with HepAD38 cells with tetracycline (No HBV replication) (Fig 1D and 1E) . Taken together, these data suggest that HBV replication induces oxidative stress.
Viral protein HBV X protein plays a major role in oxidative stress
HBx is a key regulator of HBV and exerts pleiotropic activity on cellular functions. To identify the role of HBx in HBV-induced oxidative stress, human hepatoma Huh-7 cells were transfected with vector pcDNA3.1, HBV expressing plasmid (WT HBV) or plasmid expressing HBV genome with HBx mutation (MUT HBV). Western blot analysis confirmed that Huh-7 cells transfected with WT HBV expressed HBx protein while no HBx protein was observed in cells transfected with MUT HBV (Fig 2A) . Strikingly, Huh-7 cells expressing wild-type HBV genome showed increased ROS level compared with cells transfected vector, whereas the ROS level was remarkably decreased in cells transfected HBx-mutated HBV genome (Fig 2B) . Consistently, flow cytometry also showed the ROS production induced by HBV infection was abolished in cells transfected with HBx-mutated HBV genome (Fig 2C) . To further determine whether HBx is required for HBV-induced cellular oxidative stress, Huh-7 cells were transfected with pcDNA3.1 or Flag-HBx. Western blot analysis showed that HBx was markedly overexpressed (Fig 2D) . Compared with cells transfected with control vector pcDNA3.1, Huh- The Role of SIRT3 in HBx-Induced Oxidative Stress 7 cells ectopically expressing HBx showed increased level of ROS nearly 5 folds (Fig 2E and  2F ). These data suggest HBx could directly increase the ROS level.
SIRT3 attenuates the oxidative stress induced by HBx expression
Oxidative stress is associated with mitochondrial dysfunction in many diseases. SIRT3 functions mainly as the primary mitochondrial deacetylase that modulates mitochondrial metabolic and oxidative stress regulatory pathways. Our group have identified that HBV replication, especially HBx expression, could downregulate SIRT3 expression (Data not shown in this manuscript). Therefore, we investigate whether SIRT3 plays an important role in HBx-induced oxidative stress. Huh-7 cells were cotransfected with plasmid pcDNA3.1, Flag-SIRT3 or Flag-HBx and the efficiency of SIRT3 and HBx overexpression was measured by western blot (Fig 3A) . Interestingly, immunofluorescence analysis showed that SIRT3-overexpressing cells exhibited less percentage of ROS-positive cells (Fig 3B) . Consistently, flow cytometry found that SIRT3 overexpression resulted in a significant inhibition of oxidative stress induced by HBx expression (Fig 3C) . To investigate whether HBx could induce mitochondrial ROS, cells transfected with indicated plasmids were stained with MitoSOX TM Red. Both immunofluorescence analysis and flow cytometry showed that HBx also induced mitochondrial ROS while SIRT3 overexpression attenuated increased mitochondrial ROS level in HBx-expressing cells (S1A and S1B Fig) . To further prove the role of SIRT3 in HBx-induced oxidative stress, we inhibited SIRT3 expression by siRNA targeted SIRT3 (siSIRT3). The knockdown efficiency of SIRT3 was determined by western blot analysis (Fig 3D) . Consistently, gene silencing of SIRT3 in HBx-expressing cells significantly increased ROS level compared to cells ectopically expressing HBx as evidenced by immunofluorescence analysis (Fig 3E) and flow cytometry (Fig 3F) . To prove the specific protective effect of SIRT3 in HBx-induced oxidative stress, we also overexpressed Peroxiredoxin 1 (PRDX1), which is a member of the peroxiredoxin family of antioxidant enzymes, in HBx-expressing cells. Unlike SIRT3, PRDX1 overexpression has no effect on HBx-induced ROS level (S2A- S2C Fig). On the other hand, as an important index of oxidative stress, cells GSH/GSSG was also monitored and H 2 O 2 treatment was included as positive control. The GSH/GSSG ratio in H 2 O 2 -treated cells was decreased when compared with the untreated controls (Fig 3G) . Similarly, HBx expression caused a dramatically fall in the GSH/GSSG ratio, whereas SIRT3 overexpression resulted in increased GSH/GSSG ratio in HBx-expressing cells (Fig 3G) . To summarize, these data reveal SIRT3 attenuates HBx-induced oxidative stress.
SIRT3 increases resistance of HBx-overexpressing cell to oxidant damage
Excess ROS generated in oxidative stress could damage lipids, protein or DNA, which finally induces oxidative DNA damage leading to increased chromosomal aberrations associated with cell transformation. The oxidatively induced DNA damage associated with ROS typically are apurinic/apyrimidinic (abasic) DNA sites, oxidized purines and pyrimidines, single strand (SSBs) and double strand (DSB) DNA breaks. To investigate the role of SIRT3 in oxidative damage induced by HBx, we first examined histone H 2 AX phosphorylation (γH 2 AX) which is a DSB DNA breaks marker by using immunofluorescence. HBx overexpression induced more γH 2 AX foci in cells compared with vector-expressing cells, suggesting HBx could induce oxidative damage in Huh-7 cells (Fig 4A) . Moreover, ectopic expression of SIRT3 attenuated the γH 2 AX foci in HBx-expressing cells (Fig 4A) . In addition, western blot analysis further confirmed that SIRT3 antagonized H 2 AX phosphorylation by HBx (Fig 4B) . On the other hand, we also investigated the role of SIRT3 knockdown in the γH 2 AX formation caused by HBx expressing. Both immunofluorescence and western blot analysis showed that the SIRT3 knockdown increased the γH2AX foci in HBx-expressing cells (Fig 4C and 4D) . AP sites are one of the major types of damage generated by ROS. Therefore, we measured the number of AP sites in DNA extracted from Huh-7 cells transfected with indicated plasmids. HBx induced higher level of AP sites while SIRT3 overexpression abolished the enhancement of AP sites in HBxexpressing cells (Fig 4E) . In contrast, SIRT3 knockdown increased the level of AP sites in HBx expressing cells (Fig 4F) . Oxidative stress is a well-known factor that could induce cell death [13, 14] . We next tested whether SIRT3 overexpression could protect Huh-7 cells expressing HBx against oxidative damage. Huh-7 cells cotransfected with plasmid expressing SIRT3 or HBx were treated with a series concentration of peroxidant tBOOH. MTS assay showed that the HBx expression resulted in markedly downregulation of cell viability in response to tBOOH treatment, whereas ectopic expression of SIRT3 caused resistance of HBx-expressing cells to tBOOH treatment (Fig 4G) . On the other hand, under the condition of oxidative stress, the apoptosis disparity in cells transfected different plasmids was detected by flow cytometry. As shown in Fig 4H, the percentage of apoptosis cells was significantly higher in the HBx expressing-cells than in the control cells. However, SIRT3 overexpression significantly abolished apoptosis induced by HBx. In conclusion, these data indicate that SIRT3 could protect cells expressing HBx from oxidant damage.
SIRT3 attenuates increased HBV replication induced by ROS
ROS could activate cellular signal pathways to modulate gene expression, cell adhesion, cell metabolism, cell cycle and cell death. To investigate the function of ROS in HBV replication, we treated two HBV stably expressing cell lines including HepG2.2.15 and HepAD38 with H 2 O 2 . Real-time PCR showed that H 2 O 2 treatment increased HBV DNA replicative intermediates significantly (Fig 5A and 5B) . In contrast, the treatment with antioxidant NAC inhibited HBV DNA replicative intermediates (Fig 5C and 5D) . Moreover, the effect of H 2 O 2 and NAC on HBV DNA replicative intermediates was further confirmed by southern blot (Fig 5E) . These data suggest that cellular ROS could facilitate HBV replication. To elucidate the functional role of SIRT3 in the promotion of HBV replication induced by oxidative stress, (Fig 5F and 5G) . Taken together, these data reveal that SIRT3 decreases the promotion of oxidative stress to HBV replication.
Discussion
Oxidative stress has been universally considered as a major contributor involved in pathological courses. It displays diverse oncogenic function, including the regulation of gene expression [14] , epigenetic modification [15] , cell death [16] , genomic instability [17] as well as DNA mutation [18] . Several studies showed oxidative components were increased or antioxidants were decreased in either acute or chronic HBV infection [19] [20] [21] [22] . In our study, we found that the HBV replication induced cellular ROS level based on different cell models, which suggests that HBV replication indeed induces oxidative stress. Among the proteins encoded by the HBV genome, HBx is a key viral protein that plays an important role in oxidative stress. HBx could regulate fundamental aspects of mitochondrial physiology, which is a major source of reactive oxygen species (ROS). HBx protein interacts with a human voltage-dependent anion channel (HVDAC3) in the mitochondria and alters its transmembrane potential [23] . HBx also down-regulates mitochondrial enzymes involved in electron transport in oxidative phosphorylation (complexes I, III, IV, and V) and increases mitochondrial ROS level [24] . Moreover, mitochondrially associated HBx also leads to activation of transcription factors STAT-3 and NF-κB and mitochondrial translocation of Raf-1 via oxidative stress, which is relevant to liver disease pathogenesis [25, 26] . HBx expression is also associated with increased oxidative damage. Jung et al. reported that ROS production induced by the C-terminal region of HBx leaded to mitochondrial DNA damage, which might play a role in HCC development [27] . Consistently, our study first found the viral protein HBx played a major role in HBV-induced oxidative stress. HBx expression also caused the oxidatively induced DNA damage associated with ROS by measuring AP sites and γH 2 AX foci which is marker for double strand (DSB) DNA breaks. DNA damage provokes a rapid cellular response that either commits cells to repair the damaged DNA or leads cell to death. Our study also found that HBx expression resulted in increased percentage of apoptotic cell under peroxidant treatment. These data suggests HBx expression is associated with increased oxidative stress and DNA damage.
We further identified a novel cytoprotective factor, SIRT3, regulated the oxidative stress induced by HBx. There is a large number of evidence supporting the role of SIRT3 as a key regulator of oxidative stress and oxidative injury within cells. The deacetylase activity of SIRT3 results in a post-translational modification of mitochondrial proteome that directs intracellular oxidation-reduction pathways [28] [29] [30] . Recently, studies showed that several mitochondrial proteins, including members of oxidative phosphorylation chains [31] , anti-oxidant factors [3] , and metabolic associated proteins [32] were regulated by SIRT3. Cheng et al. revealed SIRT3 physically associated with OGG1 and prevented apoptotic cell death under oxidative stress [10] . Sundaresan et al. reported SIRT3 expression was necessary for cardiomyocytes to attenuate doxorubicin-induced mitochondrial ROS production [33] . Thereby, SIRT3 is uniquely poised to modulate both the ROS production and the detoxification of harmful free radicals, protecting cells from mitochondrial oxidative stress [3, 8, 34] . Indeed, we showed that The Role of SIRT3 in HBx-Induced Oxidative Stress The Role of SIRT3 in HBx-Induced Oxidative Stress overexpression of SIRT3 diminished ROS production induced by HBx expression, and restored GSH/GSSG which was unbalanced in HBx-expression cells. Importantly, SIRT3 overexpression markedly decreased oxidatively induced DNA damage associated with ROS in HBxexpressing cells. Consequently, ectopic expression of SIRT3 abolished cell death induced by HBx expression or peroxidant treatment.
Accumulating evidence suggested that cellular redox status played an important role in regulating viral replication and infectivity. Recently, Cai et al. reported that the thiol antioxidant GSH showed an anti-influenza activity in vitro and in vivo [35] . Aquaro et al. reported that antioxidant function of MnTBAP (a synthetic peroxynitrite decomposition catalyst) could modified the expression of virus proteins which were crucial for HIV-1 infection in both acutely and chronically infected monocytes/macrophages, suggesting that the removal of peroxynitrite contributed to the inhibition of HIV replication [36] . More Interesting, Enterovirus 71 infection induces ROS generation, which is required for viral replication [37] . In this study, we found H 2 O 2 treatment significantly enhanced HBV replication, whereas the antioxidant NAC remarkably reduced HBV replication. SIRT3 overexpression attenuated the H 2 O 2 -induced HBV replication. It is undisputable that ROS generation has functional consequence on viral infection. In HBV, increased ROS not only facilitated HBV replication, but also caused oxidative damage to hepatocyte. These data provide evidence to prove the significance of antioxidant therapy in combination with antiviral therapy in HBV infection.
In summary, our study confirms that HBV/HBx could directly induce cellular oxidative stress and oxidative damage. SIRT3 overexpression could decrease ROS induct by HBx. Moreover, SIRT3 overexpression also markedly decreases HBx-induced oxidative stress and antagonizes HBV replication induced by oxidative stress. (TIF)
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